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In this work, we have demonstrated a principal scheme of application of cross-correlation analysis
method for the determination of the velocity of a moving object in a fluid. In particular, the peak values of
the correlation function differ from the background by two times. It allows us to accurately detect the use-
ful signal. Generalization of the proposed approach to the case of determination of the fluid flow rate does
not require modification of the basic principles of installations or cross-correlation method. The scheme of
the developed experimental setup is the following: X-ray source produces the radiation with a complex
spectrum, which is directed to the pipe filled with a multicomponent mixture. One part of the X-rays passes
through the windows made of material with the low absorption coefficient and the mixture. Another part of
radiation passes through the pipe’s walls and is not practically absorbed by the walls, thereby forming a
narrow beam. The beam, having passed through a multicomponent mixture, becomes a carrier of infor-
mation about its characteristics, as well as the dependence on the composition and parameters of multi-
phase liquids. The X-ray radiation propagates and is scattered due to the photoelectric effect and Compton
scattering. A crystalline monochromator analyzer consists of two single-crystal plastic cores (111) and
(100). A part of the X-ray beam satisfying the Bragg conditions diffracts on the crystal monochromator an-
alyzer, the other part passes it without deviations. Differential crystalline monochromator-analyzer radia-
tion is directed to the counter ionizing radiation. A two-channel scintillation counter ionizing radiation reg-
isters monochromatic radiation at low and high energy corresponding to the Bragg condition for the crystal

monochromator-analyzer.
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1. INTRODUCTION

Investigation of dynamics peculiarities of the com-
plex systems behavior is based on analysis of temporal
changes of any parameter being a signal produced by
this system. There are a lot of methods of the temporal
series analysis, and one can emphasize such as follow-
ing: 1) analysis of correlation dependence between the
random quantities, measurement of the closeness and
direction of the relationship among these quantities or
attributes — correlation and regression analysis [1, 2];
2) evaluation influence of one or several independent
variables on one variable investigated (one-dimensional
analysis) or on several independent variables (multi-
dimensional analysis), search of fixed or variable co-
variates — factor analysis or analysis of covariance
[3, 4]; 3) search of an effective method describing com-
plex system based on their fractal nature (self-
similarity) — fractal and multifractal analysis [5, 6]; 4)
analysis of structure and dynamics of complex systems
in the frame of the deterministic chaos theory and non-
linear dynamics [7, 8]; 6) representation of temporal
signal as sets of periodic (basic) functions and spectral
analysis of the local disturbances — classical Fourier
and wavelet analysis [9, 10]. In this work, we present
in detail application of cross-correlation analysis to
determine velocity of a moving medium using dynamic
signal being X-rays passed through this medium. Ap-
paratus for computing correlation functions is widely
used in the following areas: medicine, microelectronics,
mechanics, logistics, economics, spectroscopy, chemical
composition analysis, etc.

In particular, X-ray irradiation of the disordered in-
homogeneous systems and application of cross-
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correlation allows us to determine the chemical compo-
sition of the substance and characteristics of object
investigated [11, 12].

2. THEORETICAL BACKGROUND

Cross-correlation is a standard method of estimat-
ing the correlation degree of sequences.

Let us consider two rays x(i) and y(i) with time de-
lay t, where i =0, 1, 2, ..., N, then the correlation coeffi-
cient r is determined as:

. Zi[(x(i)—mx)(y(i—At)—my)] ,
\/Zi(x (L) —mx)2 \/Zi(y(i - At) —ym)2

where mx and my are the average values of the corre-
sponding series. Time delay ¢ and length of correlation
series could be less than N, e.g., goal may be the verifi-
cation of correlation for the limited set of measure-
ments. Coefficient r =1 lies in the range of -1<r<1
and the boundary values of this range point out to max-
imum correlation. When r = 0, correlation is absent. For
the case of correlation coefficient equal to unity, there
is a coincidence of the series and, accordingly, the max-
imum degree of correlation. When correlation coeffi-
cient is close to the unity in absolute value, but has a
negative value, there is an inverse correlation, i.e., it is
a contrary relationship between two variables such
that they move in opposite directions.

In problem under consideration, we should deter-
mine the chemical composition and velocity of fluid flow
in well using the X-ray technique. When X-rays pass
through the fluid layer, one part of the energy is ab-
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sorbed by substance and another part could be detect-
ed. Thus, using the difference between energies ab-
sorbed by various parts of detector and initial energy
emitted by radiation source, one can determine the
chemical composition of a fluid.

Calculating correlation coefficient (1) between ex-
perimental data at various time moments, we can de-
termine velocity of the fluid flow.

Sets of data from one detector at fixed point in time
is x(i) series and using Eq. (1) and data y(i — At) from
another detector with various time delay Ato, one can
determine A¢, at which there is maximum correlation
coefficient r. When r has maximum value, we consider
that the intensity profile absorbed by detectors pos-
sesses maximum correlation with time delay Ato. This
fact allows us to assert that in plane containing lines of
the X-ray directions from source to detecting sensor,
there is fluid layer with similar chemical composition,
which overcomes distance between the detecting sen-
sors L during Ato. Therefore, in first assumption the
velocity of the fluid flow can be found as

V=L/At, @)

To test this method, the test bench was constructed.
The main goal of experimental investigation was the
demonstration of the principle possibility of determin-
ing the flow rate of an inhomogeneous fluid in a pipe
using X-rays.

3. EXPERIMENTAL SETUP

The schemes of experimental facility and test bench
are presented in Figs. 1, 2.
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Fig. 1 - Installation for determination of component composi-
tion of a multicomponent fluid flow

X-ray source 1 produces radiation with complex
spectrum, which is directed to pipe 3 filled with a mul-
ticomponent mixture. One part of X-rays passes
through windows 4 and 5, which made of material with
low absorption coefficient, and a mixture. Another part
of radiation gets through pipe’s walls 3 and is not prac-
tically absorbed by the walls, thereby forming a narrow
beam. The beam, having passed through a multicom-
ponent mixture, becomes a carrier of information about
its characteristics, as well as dependence on the compo-
sition and parameters of multiphase liquids. The X-ray
radiation propagates and is scattered due to the pho-
toelectric effect and Compton scattering. Passed with-
out interaction with windows 4 and 5 and the flow of a
multiphase fluid the X-rays goes to a crystalline mono-
chromator analyzer 6, consisting of two single-crystal
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plastic cores (111) and (100). A part of the X-ray beam
satisfying the Bragg conditions diffracts on the crystal
monochromator analyzer 6, the other part passes it
without deviations. Differential crystalline monochro-
mator-analyzer 6 radiation is directed to the counter
ionizing radiation 7. A two-channel scintillation coun-
ter ionizing radiation 7 registers monochromatic radia-
tion at low and high energy, corresponding to the Bragg
condition for the crystal monochromator-analyzer 6.

The radiation transmitted without deviation enters
the control sensor (stabilization monitor) X-ray intensi-
ty 8, which records the total current generated by the
radiation in a sensitive volume, which carries infor-
mation about the integrated radiation intensity at a
specific point in time, and is used for the monitoring.

At the same time, sensors measuring pressure 9
and temperature 10 of a multiphase fluid measure the
temperature and pressure of the fluid flow used to
refine the values of the absorption coefficients of the
flow components.

Data from sensors controlling and stabilizing the in-
tensity of X-ray radiation 8, measuring pressure 9 and
temperature 10 of a multi-phase liquid and from a two-
channel scintillation counter ionizing radiation 7 is fed
to a computer or controller.

4. MEASUREMENT AND RESULTS

The pipeline section, which was located vertically,
was filled with a liquid with a density of p= 920 kg/m?.
A device that generates air bubbles was installed at the
bottom of the pipeline.

An X-ray source and two sensors that detect radia-
tion transmitted through a liquid are diametrically
opposed with respect to the longitudinal axis of the pipe
and beyond. The sensors consist of N= 128 lined-up
elements of 400 X 200 pum in size with a frequency of
f=2kHz, i.e. sensor readings are taken with a time
delay At = 500 ps.

During the experiment, one air bubble is generated
at a certain frequency. The registration of the bubble
by the equipment used and the determination of the
speed of movement by the method of cross-correlation
will confirm the fundamental possibility of determining
the flow velocity by the proposed method.

The result of the experiment are data sets from
each sensor I(NV,m) at different points in time. The data
set is an NXm matrix, where N is the number of sensor
elements, m is the number of measurements separated
by a time interval At.

Fig. 2 - Photo of the laboratory stand
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where I1(N,m) is the radiation intensity detected by the
first sensor, I1(IV,m) — by the second one.

The cross-correlation method is used to determine
the velocity of a bubble. It is necessary to determine the
correlation coefficients between the experimental data
of the first sensor at a fixed point in time I1(IV, mo) and
the data of the second sensor at different points in time
I2(N, m;). If a maximum correlation appears between
the dependences, the time Ato= At(mo— mi) will be
determined, for which the bubble will cover the dis-

tance L from the first sensor to the second.
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Fig. 3 shows the dependences of the radiation inten-
sity recorded by the elements of the first sensor I1(V,m)
at different points in time. From Fig. 3 it can be seen
that the sensor readings are in the vicinity of the aver-
age value Io=5-10* a.u. The discontinuous behavior of
the I1(IN,m) dependence is due to the presence of inter-
nal and external noise signals. It also follows from
Fig. 3 that at different points in time, there is a change
in the value of I1(IN,m), which is associated with the
presence of an air bubble on the line connecting the X-
ray source and detector. To distinguish a signal indicat-
ing the presence of an object in a liquid, it is necessary
that the signal arriving at the detector should exceed
the noise signal in amplitude. For such purposes, the
quantitative signal-to-noise characteristic SNR = I/<A2>
is used, where <A2> is the average value of the intensi-
ty of the noise signal. The signal is considered satisfac-
tory when the value of SNR >a, where a = const, is
greater than one.
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Fig. 3 — The dependence of the radiation intensity of the sensor elements [1(IV,m) at different moments of times (a) — mo, (b) —

From Fig. 3a, it follows that the value Li(V, m) is
within the limits of noise, that indicates the absence of
any inhomogeneities between the radiation source and
the detector. As the observation time increases, a max-
imum appears on the I1(N, m) dependence, which cor-
responds to a signal with an SNR >1, that indicates the
appearance of a bubble. With a further increase in the
observation time, the signal increases in amplitude that
indicates that the bubble passes the detector (Fig. 3b).

Further, the bubble should be registered by the se-
cond sensor, at the output of which the dependences
I2(N, m) should be observed, which characterize the
appearance of heterogeneity in the liquid. After com-
paring the data from detectors, it can be concluded that
the dependences have identical behavior when register-
ing air bubbles. Thus, to determine the velocity of an
air bubble in a liquid, it is necessary to determine the
value Ato = At (m10 — m20), where mio is the moment of
detection of the bubble by the first detector, mso is the
measurement at which the same bubble was recorded

by the second sensor.

To determine the points in time at which the same
heterogeneity (bubble) was registered by the first and
second detectors, the cross-correlation method is used.
To calculate the correlation coefficient r by the formula
(1), we select from (3) a set of experimental data
I2(N, mr) for measuring m_k, at which an air bubble is
observed before the second detector. Further, the value
of Io(N, mr) is set in accordance with the measurements
made by the first sensor I1(/N, mi), which occurred on
the time scale earlier than for the second detector, i.e.
i<k

According to the formula (1), we determine the cor-
relation coefficient r between measurements I2(IN, mr)
and I1(N, m;). The result is shown in Fig. 4.

From Fig. 4 it can be seen that the correlation coef-
ficient changes periodically. The presence of peaks in the
dependence r(m;) indicates that the dependence I2(N, mr)
correlates with the series of measurements I1(N, mi), in
which air bubbles are recorded. The experiment was set
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Fig. 4 — Dependence of the correlation coefficient r(t;) between
measurements lo(IN, mr) and [1(IN, m;), corresponding numbering
i<k

up in such a way that the formation of bubbles is re-
peated with a certain period in the same neighborhood
of the space and with close linear dimensions. This
explains the periodicity of the peaks of the dependence
r(mi) and approximately the same values of r for meas-
urements in which bubbles are fixed.

To select the measurement mio, in which the first
detector detects a bubble corresponding to the meas-
urement mr= m2o of the second detector, we use the
dependencies I1(IV, mi) presented in Fig. 3. Using the
measurement data, we can determine the velocity of
the bubble, if we calculate the time interval Ato during
which the bubble was recorded by the first detector.
The bubble size lo can be estimated from the number of
detector elements for which the SNR value over the
time interval Ato exceeded one.

During the course of calculations, it was determined
that the linear size of the bubble is [, ® 6 mm, and the
time interval is Ato = 0.046 s, which corresponds to the
speed of movement of the bubble Vo=0.13 m/s. The
distance between the sensors is L = 0.05 m, therefore,
the approximate value of the time interval during
which the bubble covered the distance L is calculated
as At'=L/IVo=0.375 s.

The value of Vo can be taken as a zero approxima-
tion, since the time calculations At' and the size lo are
estimated and depend on such parameters as SNR, the
size of the detector element, f, etc. In this connection it
is necessary to determine the speed by a more accurate
method.

After calculating At', it is possible to determine in
which neighborhood of the measurements mi for the
first sensor the bubble of interest was registered.

Taking into account that the time interval
At =500 us passes between measurements, we define
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the measurement of the first sensor at which the signal
was recorded my, = At'/ At ~ 780 . The dependence of r(m.)

in the neighborhood of m, is shown in Fig. 5.

From Fig. 5 it can be seen that the measurement in
which a peak r(m;) is observed and close to mj, corre-
sponds to the number m;=815. The value mi=815
corresponds to the time range Afo= At-mi=0.4075s,
which corresponds to the time of bubble movement
between the first and second sensors.

Thus, in the first approximation, the velocity of a
bubble in a fluid V can be expressed by formula (2),
therefore, the velocity of a bubble is equal to the value
V= L/IAto=0.123 m/s.

Thus, the paper shows the fundamental performance
of the proposed method for determining the velocity of
objects moving in a fluid. The generalization of this
model to the case of determining the flow rate of a liquid
does not require a change in the principles of operation
of the installation or the method of cross-correlation.
When X-rays are scanned by a flow of inhomogeneous
fluid flowing in the pipeline, the readings of the sensors
registering the transmitted radiation will be similar to
the dependencies shown in Fig. 3 and Fig. 4, but with a
more complex pattern due to the presence of a larger
number of inhomogeneities. The determination of the
flow velocity will also be determined using the cross-
correlation method, i.e. determining the time of passage
of the same layer of fluid between the sensors.
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3acToCyBaHHA METOAY KPOC-KOPEJAMiHOro aHAJII3y /I BUMipPIOBAHHSA MIBUAKOCTI IOTOKY
PiauHE HA OCHOBiI PEHTreHiBChbKOTr0 BUIIPOMiHIOBAHHSA

H.A. Bopoxayusi, P.O. Pesaes, C.I'. Yucraxos, E.I. Cmipuosa, A.C. T'orosies, H.A. ®inatos
Tomcvruil nonimexniunuil ynisepcumem, np. Jlenina, 30, Tomcovk, 634050, Pocis

¥ po6oTi mposeMOHCTPOBAHO IIPUHIUIIOBY CXEMY 3aCTOCYBAHHS METOIY KPOC-KOPEJISI[IHHOIO aHAaI3y
IS BUSHAYEHHS IIBUIKOCTI PyXy PyXoMoro o0'ekTa B piguHi. 30KpeMa, IMKOBl 3HAYEHHS KOPEeJIAIIiHOI dy-
HEKIIT BIAPI3HAOTHCS Bl (DOHOBUX B JIBA pasu. Lle M03BoJIsIe TOUHO BU3HAYUTH KOPHUCHUM CATHAJ. ¥Y3aralib-
HEeHHsI 3aIIPOIIOHOBAHOIO IIIIX0/Y 0 BHUIIAJKY BU3HAYEHHs BUTPATHU PIUHN He BHMarae Moaudikarrii ocHo-
BHUX [IPUHIMINB 1HCTANALII 400 MeToy Kpoc-Kopessarii. Cxema po3po0JIeHOI eKCIIePUMEHTAIBHOI YCTAHOB-
KU TI0JIATA€ B HACTYITHOMY: JKEepPeJsio PEHTIeHIBCHKOI0 BUIIPOMIHIOBAHHS 31 CKJIAJHUM CIIEKTPOM CIIPSAMOBY-
eThCs Ha TPyOy, 3alI0BHEHY 0AraTOKOMIIOHeHTHOM cymimmro. OfHa YacTHHA PEeHTTeHIBCHKOTO BUIIPOMIHIO-
BaHHS IIPOXOJUTH Yepe3 BiKHA, BUTOTOBJIEH] 3 MATEPIAIy 3 HU3HKUM KOe(iIll€HTOM IIOIVIMHAHHS 1 CyMIIIIIIO.
Iama yacTrHA BUIIPOMIHIOBAHHSA IIPOXOAUTH Yepes CTIHKKM TPYOHM 1 MPAKTHYHO He IIOrJIMHAEThCS CTIHAMH,
YTBOPIOIOYM TUM CAMUM BY3bKWI IIydoK. [[poMiHb, IPOMIIOBIIN Yepe3 6AraTOKOMIIOHEHTHY CYMIIII, CTae HO-
ciem iH(oOpPMALIl IPO HOro XapaKTepPUCTHKH, 4 TAKOMK 3aJIEMKHOCTI BiJ CKJIAIy 1 ImapameTrpiB GaraTtodasHux
pinuH. PeHTreHIBChbKe BUIIPOMIHIOBAHHS MOIIUPIOETHCS 1 PO3CIIETHCA 32 PaXyHOK OTOedEeKTy 1 KOMITOHIB-
CHKOI'0 PO3CIIOBAHHS. AHAII3ATOP KPHUCTAIIYHOIO MOHOXPOMATOPA CKJIAIAETHCA 3 JBOX MOHOKPHUCTAJIYHUX
mwracTukoBUX cTPrskHIB (111) 1 (100). YacTrHA peHTreHIBCHKOrO IyYKa, II0 3aJ0BOJIbHSE OPErriBCEKUM yMO-
BaM, Audparye Ha aHaII3aTOPl KPUCTAIYHOTO0 MOHOXPOMATOPA, 1HIA MOr0 YacTHHA IPOXOJUTH 0e3 BIIXu-
nesb. JludepeHIrianbHe BUIPOMIHIOBAHHS KPHCTAJIIYHOIO MOHOXPOMATOpPA-aHAII3aTOpa CIPSMOBAaHE Ha
TPOTHUIII0 10HI3YYOT0 BUIMIPOMIHIOBAaHHSA. J[BOKAHANBHUA CIIMHTAIAIIMHAN JIYMIGHAK 10HI3YIOYOTO BH-
TIPOMIHIOBAHHSI PEECTPYE MOHOXPOMATHYHE BUIIPOMIHIOBAHHS TP HU3BKIM 1 BUCOKOI €Heprisx, 10 BIIIIOBI-
nae ymoBi Bperra u1st KprcTaidHOr0 MOHOXpOMAaTOpa-aHai3aTopa.

Knrouogsi cinosa: Kpoc-rkopenamiitauit anamis, Perrreniecbke BunpominoBanHs, [IIBUaKicTb IOTOKY piguHuA.
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